Abstract-Ferromagnetic-core loop antennas with highpermeability core materials are typically used in size-constrained applications requiring the detection and reception of weak very low frequency and extremely low frequency signals. However, highpermeability materials are susceptible to saturation in the presence of strong magnetic fields such as those generated by power lines, in research laboratories, or through natural phenomena. Here, a system is presented that actively controls the magnetic flux in the core of the antenna by applying a control signal to an independent set of windings on the same core. This control signal is phase locked to the offending signal and the two signals destructively combine in the core. Our results show that it is possible to actively cancel the fundamental component of a strong interferer in the core of a high sensitivity ferromagnetic-core loop antenna and prevent core saturation. This approach eliminates signal distortion caused by magnetic saturation that passive signal cancellation or signal processing in the receiver do not. Thus, high-sensitivity ferromagnetic-core antennas can be used in applications where they were previously thought unsuitable.
Active Field Cancellation to Prevent Saturation in Ferromagnetic-Core Loop Antennas I. INTRODUCTION W HILE most antenna research today appears to be focused on the improvement of compact antennas for communications channels above 500 MHz [1] , there are still many application areas that utilize signals in the very low frequency (VLF) and extremely low frequency (ELF) bands [2] [3] [4] . These applications range from the reception of time standard broadcasts, radio frequency identification, and navigation beacons to less-traditional fields, such as noncontact sensing and magnetotellurics [5] [6] [7] [8] [9] . At these low frequencies, the wavelength of the traveling electromagnetic wave can be several kilometers in length, which makes implementation of a traditional electric field antenna impractical. However, loop antennas coupled to the magnetic field component of the electromagnetic wave and can be made of a more reasonable size while still retaining enough sensitivity to be useful [10] . A loop antenna's received signal strength is proportional to the effective area of the loop and the relative permeability of the material at the center of the loop [11] . Choosing to form the antenna's loops of wire around a ferromagnetic material increases the antenna's efficiency at coupling to the magnetic field [12] , [13] , allowing the size to be reduced further.
All magnetic materials require a coercive force to magnetize and demagnetize them due to energy consumed in aligning the magnetic dipoles in the material at the atomic level [14] , [15] . As a result, the magnetic flux density in the core does not return to zero when the applied magnetic field strength reaches zero due to permanent magnetization of the core. This results in the flux density versus applied field strength curve, commonly referred to as the B-H curve, that is different for increasing and decreasing field strengths. This behavior is an example of hysteresis, and the area enclosed by the hysteresis loop is equal to the work required to take the material through a complete magnetization cycle [16] .
In addition to hysteresis losses, all ferromagnetic-core materials have relative permeability values that are dependent on the applied magnetic field, causing the B-H curve to exhibit a nonlinear behavior. As the magnetic flux density increases in a material, more and more of the magnetic dipoles in each domain of the material become aligned with the applied magnetic field. When all of these dipoles are aligned with the applied field, the material is said to be saturated. As a result, further increasing the strength of the applied field will not yield an increase in flux density [17] .
The nonlinear B-H response of a ferromagnetic-core loop antenna has a negative impact on received signals if the magnetic field strength is strong enough to cause magnetic saturation in the core. This is most likely to occur when the antenna is used near power lines or other conductors carrying large currents. In these scenarios, all of the frequency components of the magnetic field have very small magnitudes, except for the interfering power line signal that has a large magnitude.
While typical field strengths due to power line noise are small in most environments [18] , equipment operating within electrical utility substations and near conductors carrying large currents can be exposed to strong magnetic fields [19] that can cause saturation in many ferromagnetic materials. Saturation induced nonlinearities cause mixing of signals and the intermodulation products appear at the sum and difference of the frequencies of the mixed signals [20] . As a result, antenna core saturation can be detected by the presence of strong harmonic distortion in the received signals. This distortion causes spectral images of radio frequency signals to appear at positive and negative multiples of the power line frequency away from those signals' fundamental frequency.
A technique has been proposed to actively cancel static environmental magnetic fields using an array of current loops in locations where sensitive biomagnetic measurements are taken [21] . However, this approach is intended to cancel static magnetic fields only, such as the earth's magnetic field, and not time-varying fields. Also, this system is intended to be applied to a large room sized area and not concentrated in something as small as a loop antenna core. Active cancellation techniques have been applied to a wide variety of other applications from noise suppression in power electronics [22] [23] [24] to communication systems and speech processing [25] .
If a time-varying magnetic field could be applied to the antenna core that had the same magnitude and frequency but opposite phase as the saturation inducing signal, the principle of superposition states that the two competing magnetic fields would cancel each other in the core. However, all other components of the magnetic field would remain intact. The unique approach would reduce the effects of core saturation that traditional filtering or receiver side active cancellation cannot. This paper describes a technique for active core saturation control utilizing an antinoise signal applied to a secondary coil on the core of the antenna. Additionally, simulation results and test data from a prototype system are presented.
II. ELECTROMOTIVE FORCE (EMF) MODELS
It has been shown in [16] , [17] , and [26] that according to Faraday's Law, the EMF s(t) on a coil of wire from a sinusoidal electromagnetic field H(t) with the magnetic field component perpendicular to the coil is given by
where N is the number of turns of wire, A p is the cross-sectional area of the wire coil, and μ is the permeability of the material inside the wire coil. Permeability is a function of the applied magnetic field H and the magnetization vector of the core M, which is the vector sum of the magnetic dipole moments of all the atoms in the core. Permeability μ can be decomposed into the permeability of free space μ o , which is a constant, and relative permeability μ r
As can be seen in (1) and (2), the EMF on the coil leads is directly proportional to the relative permeability of the material inside the wire coil μ r . If the coil of wire is being used as an antenna, the received signal strength can be increased by choosing a core material for use inside the wire coil that is ferromagnetic (μ r > 1) [27] . For different models, the calculation of coil EMF can be accomplished by first calculating the magnetic flux density B using the B-H relationship where permeability from (2) is used. The magnetic flux density B is then used to calculate the total magnetic flux
where A p is the cross-sectional area of the antenna core. Finally, the EMF can be found by
where N is the number of turns of wire in the antenna coil and dΦ dt is the derivative of the time-varying magnetic flux. We present three models using these steps in order to better understand the dynamics of hysteresis and saturation in ferrite-core antennas. A generalized comparison of these models can be seen in Fig. 1 .
A. Linear Lossless Core Model
The linear lossless core model neglects saturation and hysteresis by treating the relative permeability μ r as a constant. In this model, the magnetic flux density B in the core is simply a linearly scaled version of the applied magnetic field strength H
The resulting coil EMF s(t) from (5) simplifies to
The B-H response of this model is identical to that of an air core, except that the slope is higher since the relative permeability is μ r > 1.
B. Nonlinear Lossless Core Model
In order to separate the effects of magnetic saturation and hysteresis during simulations, a lossless antenna model was created that only exhibits saturation and has no hysteresis effect. It has been shown that the B-H response for ferromagnetic materials can be described using variations of the Langevin function [28] 
The shape of the B-H curve for the core of the test antenna was modeled using a Langevin function that was scaled to fit the measured B-H response
where the scaling parameters a 1 and a 2 were determined using the method of least squares fit to the measured data. Using this model, the coil EMF s(t) is defined as
.
(10)
C. Nonlinear Model With Hysteresis
Accurately modeling hysteresis in ferromagnetic materials can be difficult but there are several established models for doing so [15] , [29] . The Preisach model was selected to represent a realistic ferrite core with both hysteresis and nonlinear relative permeability for the purpose of simulation [30] [31] [32] . The Preisach model makes use of a simple building block called a hysteron γ α,β [f ](t) that is a simple step response with the falling and rising edges occurring at different locations, α and β, respectively. The model consists of a parallel combination of an infinite number of hysterons, each with an independent weighting value given by μ(α, β)
where P{f (t)} is referred to as the Preisach function.
For the model to provide meaningful data, the hysteron switching values α and β as well as the hysteron weighting function μ(α, β) must be determined from measured data for the material to be modeled. As a result, many magnetic simulations utilize a discrete Preisach model where the number of hysterons is finite [33] . If the hysteron switching values are chosen to be uniformly distributed across the range of magnetic field strengths the model will be tested with, the hysteron weightings can be determined using a simple system of equations where the number of empirical data points used is equal to the number of hysterons in the model. The result is a stair-step approximation, using the Preisach function P, of the B-H curve whose accuracy increases as the number of hysterons approach infinity.
Since the model developed here must be capable of simulating both strong noise and weak radio frequency (RF) signals simultaneously, a discrete Preisach model with the necessary dynamic range and resolution would contain on the order of one million hysterons. This makes a discrete Preisach model impractical for simulations requiring very fine resolution. It has been shown that the integral of the Preisach model can be solved in closed form, significantly reducing the computational complexity of the model [32] . This technique was used to create a closed-form Preisach model for the test antenna core based on measured hysteresis data.
The core of many antennas are made from ferrite materials, which exhibit low core losses and high resistivity. As a result, the B-H response of the test antenna core and the developed Preisach model have a relatively small amount of hysteresis and nonlinearity, which makes it difficult to visualize when plotted. While small on the macro scale, the amount of nonlinearity and hysteresis of the test antenna core is still significant to the reception of RF signals due to their small magnitudes. To better illustrate this small hysteresis and nonlinearity, the difference between the B-H response of the Preisach model and the linear lossless model with constant permeability was calculated and can be seen in Fig. 2 .
D. Measurement of Core Hysteresis
In some cases, accurate hysteresis data may be difficult to obtain when developing the Preisach model. The B-H curve for a ferromagnetic rod can be measured using a signal generator, current probe, oscilloscope, and two copper wires. If the two wires are placed side by side in a parallel fashion and are wound tightly around the ferromagnetic rod as a pair, the two coils that are formed will be almost identical in their exposure to magnetic flux in the rod. By driving one coil with the signal generator and accurately measuring the current in the coil I d (t) with the current probe and oscilloscope, the magnetic field in the center of the two coils H(t) can be calculated from Ampere's Law (12) where N d is the number of turns and L d is the length of the driven coil. Using another channel on the oscilloscope, the voltage coupled on the open-circuit coil s(t) can be measured and by combining (1), (2) , and (3), the magnetic flux in the core B(t) can be determined by appropriately scaling the antiderivative of the measured voltage where N o is the number of turns in the open circuit coil and A p is the cross-sectional area of the ferromagnetic core.
By applying a sinusoidal current to the driven coil, the frequency specific B-H response can be measured and a series of B-H curves can be determined by changing the frequency of the driving signal. It should be noted, the measured B-H response is not the intrinsic response of the material but that of the rod and is dependent on the rod's geometry. This measurement setup can also be validated by removing the ferromagnetic core and measuring the B-H response with air as the core material. This should result in a linear response with no hysteresis and a slope equal to the permeability of free space μ o .
E. Note on Eddy Currents
Most materials with relative permeability values greater than one are conductors [16] . Conductive core materials allow eddy currents to form inside the core. These currents convert some of the energy from the magnetic field into heat, reducing the available field strength, which reduces the received EMF from the coil [30] , [34] . Ferrite materials were developed specifically in an attempt to find a simple solution to this problem [35] , [36] . There are many different formulations of ferrite and all are designed specifically to achieve low resistivity and high relative permeability [37] . Since the resistivity of these materials is very low, eddy current loss has been neglected for the purposes of this paper.
III. ACTIVE SATURATION CONTROL (ASC)
A diagram of a typical ferromagnetic-core antenna can be seen in Fig. 3(a) . To reverse the nonlinear effects of magnetic saturation on this antenna in high magnetic field environments, a secondary coil on the same core is proposed as a mechanism for the application of an antinoise magnetic field. This antinoise field will be phase locked to the saturation inducing field but will have opposite phase in order to cancel the offending field in the core of the antenna. A diagram of the proposed secondary antinoise coil can be seen in Fig. 3(b) .
The core of the antenna is now exposed to the combined magnetic field H c (t)
which is simply the sum of the environment's magnetic field H ext (t) and the antinoise field generated by the secondary coil H an (t). By combining (1) and (14), the received EMF from the primary antenna coilŝ(t) when ASC is applied is given bŷ
where N p is the number of turns of wire in the primary coil, A p is the area inside the wire coil, μ is the permeability of the material inside the wire coil, H c (t) is the combined magnetic field from the environment and the secondary coil, and M(t) is the magnetization vector of core at time t. In order to determine the antinoise coil current required to cancel the saturation inducting field, the geometry of the antinoise coil in relation to the antenna core must be considered. The application of the Biot-Savart law to a loop of current-carrying wire reveals that the magnetic field strength H(t) perpendicular to the loop at distance D along the loop's center axis is given by
where I s (t) is the loop current and r is the radius of the loop [16] . The average magnetic field strength H avg,1t (t) across the entire length of the antenna core applied by one turn of wire can be calculated by integrating along the length of the core and dividing by the length
where x 0 is the x position of the loop of wire, with x 1 and x 2 being the x position of the ends of the antenna core. After integrating and simplifying, the closed-form expression is given by
For N turns of wire, (18) can be extended using the principle of superposition by summing the contribution of each turn of wire in the antinoise coil where x ti is the x position of the ith turn of wire. The external saturation inducing magnetic field H ext is assumed to be uniform across the antenna core, but the antinoise magnetic field is not. In order to achieve cancellation, the antinoise field must be strong enough that when averaged over the entire length of the antenna core, its average value must be of equal magnitude to the saturation inducing field. Replacing H avg,N t (t) with H ext (t) and solving for I s (t), the antinoise coil current required to cancel the saturation inducing magnetic field is given by
The antinoise signal H an (t) consists of a simple sinusoid with, ideally, equal frequency but opposite phase as that of the noise fundamental component. However, the actual noise canceling signal
will include measurement error where error terms f e and φ e are included for the effect of small frequency and phase errors in the antinoise signal.
IV. SIMULATION RESULTS
The goal of this paper was to develop a technique for improving the performance of ferromagnetic-core antennas in the presence of strong magnetic fields by actively controlling magnetic core saturation. However, in order to understand the independent effects of magnetic saturation and hysteresis on received signals, a series of simulations were performed using models developed specifically to separate these effects. To improve the realism of the simulated data, actual antenna parameters for the commercial off-the-shelf dual-core antenna in Fig. 4 were used. These parameters can be found in Table I . To simulate accurate signal-to-noise performance, an additive white Gaussian noise was added to the calculated antenna voltage signal to simulate thermal noise. The amount of thermal noise added was calculated for room temperature and an acquisition bandwidth of 250 kHz.
The first simulation utilized the linear lossless model as defined in (3) for the antenna's core where μ r is a constant. The magnetic field used in this simulation consisted of the combination of a 15-mA/m 60-kHz AM-modulated signal and a strong 80-A/m 60-Hz sinusoid representing the fundamental component of power line noise. The spectral content of the simulated received signal from the linear lossless antenna model can be seen in Fig. 5 . In this plot, the carrier and modulated sidebands are clearly distinct with no distortion or intermodulation products. The received signal is simply a scaled version of the magnetic field strength signal. This is expected since the model uses a constant for the relative core permeability and does not take into account core hysteresis.
The second simulation used the nonlinear lossless model based on the scaled Langevin function as defined in (10) for the antenna's core. The received signal was simulated using the same magnetic field signal as in the first simulation. The resulting spectral content can be seen in Fig. 6 .
The magnitude of the power line noise component of the magnetic field strength signal was large enough to cause some minor saturation of the magnetic flux density in the core. The nonlinearity of this model's B-H response resulted in harmonic distortion of the received signal. The harmonic peaks were observed at even-order multiples of 60-Hz with respect to the carrier and sideband tones of the AM signal. The degree of distortion present is likely to render the received signal unusable for communication purposes.
The third simulation used the nonlinear core model with hysteresis. In this simulation, the Preisach model was used to calculate the magnetic flux density in the antenna's core when the magnetic field strength signal was applied to it. The results of this simulation can be seen in Fig. 7 .
As expected, the harmonic distortion observed using the nonlinear lossless model is also observed in the nonlinear model with hysteresis. However, the addition of hysteresis resulted in a notable increase in the harmonic content of the received signal. The sidebands caused by the second harmonic of the power line noise increased by approximately 9 dB and the fourth, sixth, and eighth 60-Hz harmonic sidebands are now visible.
After performing these baseline simulations, the ASC scheme was simulated using the nonlinear model with hysteresis to evaluate the technique's effectiveness. To simulate this, a sinusoid was added to the magnetic field signal as in (15) to represent the antinoise control signal applied to the antenna core by the secondary set of winding. The frequency and phase of the antinoise signal were set equal to that of the 60-Hz power line noise component minus 0.0314 rad to simulate a 1% phase tracking error. The results of this simulation can be seen in Fig. 8 .
The difference between the simulation of reception with ASC in Fig. 8 and without ASC in Fig. 7 is readily apparent. Harmonic distortion was reduced significantly with the strongest harmonic peak 20 dB lower than in the simulation without ASC.
The nonlinear magnetization of ferromagnetic materials results from the combined effects of saturation and hysteresis. While these phenomena can be simulated separately as shown here, these effects will be coupled to the magnetic domain structure of the material and in practice, are inseparable in measured data. As a result, it is not possible to quantify the effect of ASC on saturation and hysteresis separately. However, the amount of energy lost in a ferromagnetic core due to hysteresis is proportional to the maximum excursion of the magnetizing field [33] . By applying ASC, the magnitude of the net magnetic field is reduced and as a result, saturation and hysteresis are reduced simultaneously.
V. EXPERIMENTAL RESULTS
After analyzing the results of the simulations, a prototype system was built in order to validate the derived models as well as the proposed ASC solution using commercial-off-theshelf hardware. The primary coil terminal voltage of the dualcoil antenna in Fig. 4 was connected to a National Instruments PXI-5105 high-speed digitizer. The received signal,ŝ(t), was sampled at a rate of 500 ksps.
The same AM modulated test signal and 60-Hz power line noise signal used in the simulations were applied to the test antenna using a Helmholtz coil [38] . The drive current required to generate the desired magnetic field strength using the Helmholtz coil can be found from the Helmholtz equation
where N is the number of turns in each coil, I is the current in each coil, r is the radius of the coils, z is the distance along the common axis in meters, and d is the separation between the two coils in meters. The combined signal used to drive the Helmholtz coil was generated using a National Instruments PXI-5422 arbitrary waveform generator card along with a class A audio amplifier. The completed test setup, and block diagram, can be seen in Fig. 9 .
In the first test, the AM modulated test signal was applied to the test antenna using a Helmholtz coil with no added 60-Hz noise component. This measurement was intended to create a baseline signal with no magnetic saturation against which other test results could be compared. The results of the baseline test can be seen in Fig. 10 . The carrier and modulated sidebands are clearly visible with no discernible distortion. An unrelated signal present in the testing environment was also collected and can be seen as three peaks centered around approximately 58.75 kHz.
Next, an 80-A/m 60-Hz power line noise signal was added to the waveform driving the Helmholtz coil in the baseline test. Fig. 11 shows the effect of adding the power line noise. Harmonic distortion of the carrier and sidebands is visible and distinct. This distortion is due to the nonlinear magnetic response of the antenna core in the presence of the strong magnetic field. Note that the multiple harmonics present in the distorted signal suggest that the Preisach model with hysteresis most closely models reality.
In the last test, an antinoise signal was applied to the secondary coil of the test antenna to neutralize the 60-Hz magnetic field component saturating the core. Fig. 12 shows the result of applying ASC to the test antenna. In order to achieve this result, a 60-Hz antinoise current in the secondary coil of 720 mA was required. In spite of the presence of a strong 60-Hz power line noise signal, the harmonic distortion was removed and the AM It is clear from both simulation and testing that when a ferromagnetic-core antenna is used in high magnetic field environments, nonlinear magnetization occurs. This nonlinearity causes received signal distortion that is detrimental to the use of the antenna for communications and sensing purposes. Traditional signal processing techniques are unable to remove this distortion because it cannot be filtered away and predistortion cannot be added because there is no place in the signal path to inject it.
To evaluate the effectiveness of this technique for communication systems, four bit error rate (BER) simulations were performed using the Preisach hysteresis model for the antenna core and a 1-kb/s amplitude shift keyed (ASK) 60-kHz communication signal. Due to the nature of the distortion being evaluated, these simulations could not be completed analytically and a Monte Carlo approach was used instead. The results of these simulations over the bit to noise energy range of 1-15 dB can be seen in Fig. 13 . The simulations and measurements show that it is possible to use active cancellation for the purposes of magnetic saturation control in ferromagnetic-core loop antennas and prevent received signal distortion. Furthermore, the spectral content of other signals present in the received signal are not affected by this process. There is no significant reduction in signal-to-noise ratio and the test results agree closely with simulated results.
VI. CONCLUSION
Ferromagnetic-core loop antennas have a long history of utilization for the reception of VLF and ELF signals in applications requiring small antennas. However, some application areas require their use in environments where strong magnetic fields are present and magnetic saturation of the core is possible. In these scenarios, distortion of the signals received from the antenna can be severe, rendering the antenna unusable. Careful selection of the antenna's core material can contribute greatly in reducing this problem but cannot eliminate it. Furthermore, the distortion caused by core saturation cannot be filtered out or eliminated by postantenna signal processing in the receiver.
Simulation and testing results have shown that it is possible to actively cancel the magnetic field component causing the core saturation using a secondary coil on the ferromagnetic core and an appropriately tuned antinoise signal. The results also show that this cancellation can be performed without corrupting other weak signals of interest in the magnetic field signal. This technique will allow ferromagnetic-core antennas to be used in many new applications where they previously could not.
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